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Abstract
Purpose The purpose of this study was to test the chain-
organization environmental footprint (chain-OEF) approach
by applying it to part of a pork production chain in Belgium.
The approach is supposed to provide insight into the environ-
mental impact of a specific production chain in an efficient
manner by applying pragmatic data collection throughout the
chain. This is achieved by allocating the environmental impact
of each of the production sites to the product of interest using
straightforward allocation rules.
Methods The cradle-to-gate (up to retail) environmental im-
pact of pork was determined by life cycle assessment (LCA),
in line with the product and organisation environmental foot-
print guidelines (PEF and OEF; European Commission
2013b). Foreground data was gathered at a feed production
site, two farmers, a slaughterhouse and a meat processing site.
All foreground operations are part of the same pork
production chain in Belgium. The chain was completed using
background data from Ecoinvent v3.01 (Wernet et al. 2016),
Agri-Footprint v1.0 (Blonk 2014), European Life Cycle
Database v3.0, LCA Food Database (Nielsen et al. 2003)
and OEF Sector Rules Retail (Humbert et al. 2015b). The
impact was quantified using the international reference life
cycle data system (ILCD) midpoint method for 14 impact
categories, but focussing on climate change.
Results and discussion The total carbon footprint of the
cradle-to-gate pork production system equals 0.46 kg
CO2-eq. (100 g pork)
−1. This result is quite similar to that
of earlier studies analysing the pork production chain:
0.58 and 0.57 kg CO2-eq. (100 g pork)
−1 (Bracquené et
al. 2011, Agri-Footprint 2014). Most of the carbon foot-
print was caused by feed production and more specifical-
ly, by the feed ingredients and their transport. Grains, soy
and palm oil have the largest impact contributions. The
farms are responsible for most of the remaining impact.
N2O and CH4 emissions are the largest cause of green-
house gas emissions at the farms. Also, in the other 13
considered impact categories, feed production and farm-
ing are responsible for more than half of the total impact,
mostly followed by meat processing.
Conclusions Applying the chain-OEF approach in this study
has shown that a chain LCA can be performed successfully
and pragmatic data collection allows obtaining LCA results
relatively fast, especially for small or medium-sized enter-
prises (SMEs). Whereas data availability was not such an
issue, the main bottlenecks identified are data management
and the link of LCA to other disciplines such as engineering,
policy, etc. which could increase the added value of LCA
studies.
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Abbreviations
CV Coefficient of variation
DQR Data quality rating
HFCs Hydrofluorocarbons
ILCD International reference life cycle data system
LCA Life cycle assessment
LCI Life cycle inventory
NACE Nomenclature statistique des Activités
économiques dans la Communauté Européenne
OEF Organisation environmental footprint
PM Particulate matter
PEF Product environmental footprint
SME Small or medium-sized enterprise
WWTP Wastewater treatment plant
1 Introduction
With a growing world population, the demand for a sustain-
able food supply is increasing (Ilbery and Maye, 2005). It is
therefore essential to be able to analyse and benchmark the
environmental sustainability of different food products. To do
so, life cycle assessment (LCA) is recommended as the most
appropriate method (Finnveden and Moberg, 2005, Guinée
et al. 2011). However, LCA as defined by ISO 14040/44 is
only a framework leaving manymethodological choices open.
This results in differentiation of results for similar products,
causes confusion and eases greenwashing.
To improve harmonisation and consistency of environmen-
tal claims, the European Commission created the Single
Market for Green Products Initiative with rules for a product
environmental footprint (PEF) and organisation environmen-
tal footprint (OEF; European Commission, 2013a, b, c;
Galatola and Pant 2014). Apart from these general rules, more
stringent standards are defined per product category or per
sector during a pilot phase. The initiative aims at lowering
the remaining confusion among consumers (TNS Opinion
and Social 2014) and to aid producers making reliable green
claims. It opens the door for more large-scale application of
LCA in industry, e.g. for communication or comparisons, and
the new standards are thus welcomed.
Nevertheless, a major constraint of the strict PEF and OEF
rules is that the LCA procedure is very much generalized in
this initiative and ‘typical’ processes and organisations are
used to model the background data instead of investigating
the actual situation and choosing the most appropriate model.
Often, these typical processes are modelled using generic data
and as such, substitute more specific data from the studied
product life cycle (Finkbeiner 2014; Lehmann et al. 2015).
This is in contrast to the supply chain feature of LCA which
should be aimed at optimizing specific processes and supply
chain choices. One of the main positive properties of LCA is
the detailed analysis of and interaction with specific suppliers,
and stimulation of green procurement and life cycle thinking
resulting in innovative business models and positive feedback
loops. Although the PEF/OEF initiative may also aim for sup-
ply chain optimisation, it seems to put most attention on the
sector specific harmonisation, which causes cross sectoral is-
sues such as data management and positive supply chain in-
teraction to receive less attention.
The aim of this paper is to address the above-mentioned
concerns and test the practical applicability of the PEF and
OEF guidelines in a case study with value chain interactions:
the pork supply chain of the Colruyt Group, a large Belgian
retailer. Pork production was selected for the following rea-
sons: meat production is an important source of global green-
house gas emissions (FAO 2014) and plays an important role
in the impact associated with retail products (Humbert 2015a),
pork is an important contributor to global environmental im-
pacts (Carlsson-Kanyama 1998), it represents an important
share of the product portfolio of retailers (De Schryver et al.
2012) and is, by far, the most produced type of meat in
Belgium, a net exporter of the product (VLAM 2014).
Furthermore, it is also an important in-house product of the
Colruyt Group andwas previously analysed in anOEF screen-
ing study (Quantis 2015). For these reasons, it is interesting to
analyse the chain in depth to be able to improve its environ-
mental performance and manage sustainability issues in the
supply chain.
2 Methods
2.1 Chain-OEF approach
The chain-OEF initiative was started to support the PEF/OEF
harmonisation effort. It is complementary to the OEF retail
pilot and is aimed at testing alternative approaches in the EU
pilot testing phase (2013–2017). The two main ingredients of
the chain-OEF initiative are linking actors in the supply chain
and collecting primary data in a pragmatic way (Fig. 1).
The linking throughout the supply chain is done in order to
limit the use of generic market data as much as possible
(Pedrazzini et al. 2014) so that suppliers or entire production
chains can be differentiated from one another. This allows the
selection of the most environment-friendly supply chain or the
identification of the most important improvement potentials.
Furthermore, the linking of actors is intended to initiate and
strengthen communication and collaboration throughout the
supply chain in order to allow the effective reduction of the
most important environmental impacts.
Pragmatic data collection in this context differs from more
detailed, individual unit operation-focussed LCA data collec-
tion by treating combined unit operations (i.e. entire processing
plants) as black box models, without internal details but with
known in- and outputs (e.g. based on accounting balances),
Int J Life Cycle Assess
instead of going into detail and investigating all the processes
and internal exchanges that form the large units. As such, the
ease and efficiency of data collection are improved allowing the
relatively rough assessment of supply chains with similar effort
as detailed assessments of single supply chain actors. This
pragmatic data collection is not novel as such; similar ap-
proaches have been applied successfully in other LCA studies,
evaluating e.g. average product impacts, which concluded that
the obtained results are in line with those of earlier research
(Dalgaard et al. 2007; Djekic et al. 2015;Winkler et al. 2016). It
is, however, an important feature of chain-OEF as it reduces the
assessment cost for each of the chain actors, which is crucial for
adoption beyond the testing phase.
This paper assesses the real life application of the chain-
OEF approach for detailed supply chain analysis with the aim
of identifying major environmental hotspots and improvement
potentials and specifically addresses the following two
challenges.
First of all, the level of data gathering is an important aspect
to be studied. To convince all actors to join an LCA of their
complete supply chain, resources (costs and time) should be
minimized while an acceptable balance between accuracy and
data availability should be achieved. Most companies and
organizations dispose of data and information at an organiza-
tional level (annual environmental reports, balances, etc.).
Environment-related data are much less readily available at
the product level. Therefore, the data availability at different
levels of a company must be taken into account. It is also
interesting to analyse the allocation method for these different
levels of data to products and choosing a functional unit that
allows a certain grouping of products within one functional
unit in such a way that not each and every product requires a
separate LCA study.
Secondly, the supply chain actors need to be brought togeth-
er and must discuss how they perceive an LCA study and how
steps towards collaboration and improvement can be taken.
2.2 Goal
On the one hand, the goal of this case study is to calculate the
specific PEF of pork produced within the supply chain of one
of the largest Belgian retailers, Colruyt Laagste Prijzen
(Colruyt Lowest Prices), so as to identify environmental
hotspots and to define strategies for the optimisation of the
pork supply chain.
On the other hand, the study is also intended as a test of
pragmatic data collection throughout the supply chain and
testing possible supply chain interactions (chain-OEF), using
primary, high-quality data from several actors within the pro-
duction chain: an animal feed production facility, two pig
farms, a slaughterhouse and a meat processing site, supple-
mented downstream with literature models for a local distri-
bution centre and retail stores.
2.3 Scope
In line with the declared goal and the chain-OEF approach, the
scope is limited to one specific cradle-to-gate production sys-
tem of pork. This limitation of the scope is allowed by the PEF
guide as long as it is appropriate for the application of the
study. As this study aims at identifying environmental impacts
up until the retailer for supply chain management, inclusion of
the use and end-of-life phases would not be appropriate and
lower the assessment efficiency. The study is not intended to
be representative for pork production in general.
The study has taken into account the most up-to-date posi-
tion papers on key methodological issues in the framework of
the pilot test when applying PEF/OEF methods, i.e. for elec-
tricity modelling, functional unit definition for meat products,
and the principles set by the Cattle Model Working Group, in
particular for economic allocation.
2.3.1 Functional unit
Pork products are made in many different forms depending on
market demand, consumer habits and dietary patterns: steaks,
sausages, ribs, Orloff roast, etc. Considering that the purpose
of the study is neither to evaluate the potential environmental
impact of pork consumption nor of a specific pork form, but
instead to look for optimisation in the supply chain, the anal-
ysis is limited to pure, fresh pork products.
The functional unit is 100 g fresh pig meat, including in-
edible parts such as bone, presented to consumers in retail
packaging. Only meat with an average storage time is consid-
ered, excluding frozen pork. It is classified under
Nomenclature statistique des Activités économiques dans la
Fig. 1 Chain-OEF approach (background system data is derived from
databases or literature and is generally based on sector averages;
foreground system data is gathered on-site; solid arrows indicate material
and energy flows; dotted arrows indicate interactions on sustainability
within the supply chain)
Int J Life Cycle Assess
Communauté Européenne (NACE) code G47.2.2—Retail
sale of meat and meat products in specialized stores
(Humbert et al. 2015b; European Commission 2010) .
2.3.2 System boundaries and cutoff criteria
The system boundaries include all production chain steps until
the purchase by consumers in the retail store (Fig. 2). The use
and end-of-life phases are not included since pork has many
use pathways depending on consumer preferences and it is not
in line with the goal and scope of the study.
A distinction is made between the foreground system for
which primary data is collected or specific calculation models
are applied, and the background system for which life cycle
inventory (LCI) data from databases is used (Tables 1, 2, 3, 4,
5, 6, 7, 8, 9; Ecoinvent v3.01 (Wernet et al. 2016); Agri-
Footprint v1.0, Blonk 2014; European Life Cycle Database
v3.0; LCA Food Database, Nielsen et al. 2003; and OEF
Sector Rules Retail, Humbert et al. 2015b).
The general rules followed are:
& The mass balance of the main product flow should fit to
100 %.
& Consumption goods are included for as far as data were
readily available at plant level (e.g. utilities, diesel, feed
ingredients, packaging, seeds, fertilizer, etc.).
& Major emissions are included (e.g. flue gases, agricultural
emissions, hydrofluorocarbons (HFCs), unused gases)
& Waste treatment is included for solid wastes as well as
wastewater.
& Capital goods (building infrastructure) and land use are
included.
Fig. 2 System boundary diagram of the studied pork production chain (transport between foreground system units is also included;WWTPwaste water
treatment plant, HFCs hydrofluorocarbons)
Table 1 Background datasets used for modelling feed ingredients
production
Transported barley grain {GLO} (Colruytketen)
Oat grain, consumption mix, at feed compound plant/IE economic
Maize grain, organic {BE} Renaat Moors | at feed compound Aveve
(Colruytketen)
Wheat grain Renaat Moors, at feed compound plant Aveve
(Colruytketen)
Maize germ, dried, from wet milling (germ drying), at plant/FR
Economic
Transported soybean {GLO} (Colruytketen)
Sunflower seed {GLO}| market for | Alloc Def, U
Maize bran, from wet milling (drying), at plant/FR Economic
Sugar beet pulp, dried, consumptionmix, at feed compound plant/NL
Economic
Molasses, from sugar beet {GLO}| market for | Alloc Def, U
Crude palm oil, from crude palm oil production, at plant/ID
Economic
Crude maize germ oil, from wet milling (germ oil production,
pressing), at plant/DE Economic
Monocalciumphosphate
Sodium chloride, powder {GLO}| market for | Alloc Def, U
Wheat bran, consumption mix, at feed compound plant/NL
Economic
Rape meal {GLO}| market for | Alloc Def, U
Crude soybean oil, from crushing (pressing), at plant/NL Economic
Rye grain {GLO}| market for | Alloc Def, U
Triticale, consumption mix, at feed compound plant/NL Economic
Palm kernel meal {GLO}| market for | Alloc Def, U
Calcium carbonate >63 μm, production, at plant EU-27S
Distiller’s dried grains with solubles {GLO}| market for | Alloc Def,
U
Soybean hulls, consumption mix, at feed compound plant/NL
Economic
Byproduct (fish oil)
Coconut oil, crude {GLO}| market for | Alloc Def, U
Magnesium oxide {GLO}| market for | Alloc Def, U
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Table 2 Background datasets used for modelling packed feed
production
Transformation, from industrial area, built up
Transformation, to industrial area, built up
Occupation, industrial area, built up
Electricity, medium voltage {BE}| market for | Alloc Def, U
Natural gas, burned in gas motor, for storage {NL}| processing | Alloc
Def, U
Tap water, at user {CH}| market for | Alloc Def, U
Diesel, burned in building machine {GLO}| market for | Alloc Def, U
Printed paper {GLO}| market for | Alloc Def, U
Packaging film, low density polyethylene {GLO}| market for | Alloc Def,
U
Emissions to air
Carbon dioxide
Municipal solid waste (waste treatment) {BE}| treatment of municipal
solid waste, incineration | Alloc Def, U
Table 3 Background datasets used for modelling bulk feed production
Transformation, from industrial area, built up
Occupation, industrial area, built up
Transformation, to industrial area, built up
Electricity, medium voltage {BE}| market for | Alloc Def, U
Natural gas, burned in gas motor, for storage {NL}| processing | Alloc
Def, U
Tap water, at user {CH}| market for | Alloc Def, U
Diesel, burned in building machine {GLO}| market for | Alloc Def, U
Building, hall, steel construction {GLO}| market for | Alloc Def, U
Table 4 Background datasets used for modelling farm A
Water, well, in ground, BE
Transformation, from agriculture
Transformation, to agriculture
Occupation, agriculture
Electricity, low voltage {BE}| market for | Alloc Def, U
Diesel, burned in building machine {GLO}| market for | Alloc Def, U
Sulfuric acid {GLO}| market for | Alloc Def, U
Transport, freight, lorry 16–32 metric ton, EURO4 {RER}| transport,
freight, lorry 16–32 metric ton, EURO4 | Alloc Def, U
Building, hall, steel construction {GLO}| market for | Alloc Def, U
Table 5 Background datasets used for modelling farm B
Water, well, in ground, BE
Transformation, from agriculture
Transformation, to agriculture
Occupation, agriculture
Diesel, burned in building machine {GLO}| market for | Alloc Def, U
Sulfuric acid {GLO}| market for | Alloc Def, U
Transport, freight, lorry 16–32 metric ton, EURO4 {RER}| transport,
freight, lorry 16–32 metric ton, EURO4 | Alloc Def, U
Electricity, low voltage {BE}| market for | Alloc Def, U
Building, hall, steel construction {GLO}| market for | Alloc Def, U
Table 6 Background datasets used for modelling the slaughterhouse
Water, well, in ground, BE
Water, rain
Transformation, from industrial area, built up
Occupation, industrial area, built up
Transformation, to industrial area, built up
Tap water, at user {Europe without Switzerland}| market for |
Alloc Def, U
Carbon dioxide, liquid {GLO}| market for | Alloc Def, U
Transport, freight, lorry 16–32 metric ton, EURO4 {RER}| transport,
freight, lorry 16–32 metric ton, EURO4 | Alloc Def, U
Building, hall, steel construction {GLO}| market for | Alloc Def, U
Electricity, low voltage {BE}| market for | Alloc Def, U
Heat, central or small-scale, natural gas {Europe without Switzerland}|
market for heat, central or small-scale, natural gas | Alloc Def, U
Diesel, burned in building machine {GLO}| market for | Alloc Def, U
Municipal solid waste (waste treatment) {BE}| treatment of municipal
solid waste, incineration | Alloc Def, U
Waste paper, unsorted (waste treatment) {Europe without Switzerland}|
market for | Alloc Def, U
Biowaste (waste treatment) {RoW}| treatment of manure and biowaste by
anaerobic digestion | Alloc Def, U
Comeco WWTP (Colruytketen) obv: Wastewater, average (waste treat-
ment) {RoW}| treatment of, capacity 1.6E8l/year | Alloc Def, U
Table 7 Background datasets used for modelling the meat processing
plant
Transformation, from industrial area, built up
Transformation, to industrial area, built up
Occupation, industrial area, built up
Tap water, at user {Europe without Switzerland}| market for |
Alloc Def, U
Soap {GLO}| market for | Alloc Def, U
Carbon dioxide, liquid {GLO}| market for | Alloc Def, U
Oxygen, liquid {GLO}| market for | Alloc Def, U
Nitrogen, liquid {GLO}| market for | Alloc Def, U
Argon, liquid {GLO}| market for | Alloc Def, U
Polypropylene, granulate {GLO}| market for | Alloc Def, U
Polyethylene, low density, granulate {GLO}| market for | Alloc Def,
U
Corrugated board box {GLO}| market for corrugated board box |
Alloc Def, U
Paper, woodcontaining, lightweight coated {RER}| market for | Alloc
Def, U
Sawnwood, softwood, air dried, planed {RER}| planing, softwood,
air dried | Alloc Def, U
Soap {GLO}| market for | Alloc Def, U
Sodium chloride, powder {GLO}| market for | Alloc Def, U
Transport, freight, lorry 16–32 metric ton, EURO4 {RER}| transport,
freight, lorry 16–32 metric ton, EURO4 | Alloc Def, U
Building, hall, steel construction {GLO}| market for | Alloc Def, U
Electricity from wind power, AC, production mix, at wind turbine, <
1 kV RER S
Natural gas, burned in gas motor, for storage {GLO}| market for |
Alloc Def, U
Meat and bone meal (waste treatment) {GLO}| market for | Alloc
Def, U
Wastewater, average (waste treatment) {GLO}| market for | Alloc
Def, U
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& Transport between plants is included.
& Commuting is excluded for comparability with other stud-
ies on the pig production chain, but included in the sensi-
tivity analysis as it is a PEF requirement.
& Only readily available plant data are used and combined
with literature models, no additional measurements are
performed on-site.
2.3.3 Assumptions
The following assumptions were made in general or for each
of the chain actors as not all required modelling data were
readily available.
General:
& Electricity use is assumed to be from the Belgian power
grid (average mix) unless stated otherwise.
Feed production:
& Feed packaging materials are assumed to be incinerated
after use.
& Utility use for packed feeds is assumed to be the same as
for bulk feeds.
& Ninety-four percent of feed ingredients (by mass) were
assigned specific background datasets in order to calculate
their impact. The remaining 6 % was assumed to have the
same average impact so that the known feed ingredient
impact could be upscaled to 100 % as an estimation of
the total impact.
Animal husbandry:
& Derivativemaize products such asmaize bran are assumed
to come from the feed market.
& Sows are assumed to occupy their place in the stables for
1 year.
& Specific for farm A:
& The on-site produced maize and wheat are assumed to be
directly used for pig feed for the farm.
& Because the wheat and maize production and con-
sumption numbers are close to each other, it is as-
sumed that all the maize and wheat is from own pro-
duction (with the mass and impact rescaled to the ex-
act number).
& Specific for farm B:
& The maize consumed at farm B is assumed to have a
similar impact to that produced at farm A.
& Greenhouse gas emissions:
& Half of the nitrogen taken up by the plant is assumed to
stay on the field as corn stover.
& The average weight of a fattening pig assumed to be 70 kg,
the average weight of piglets 7 kg and the average weight of
sows 200 kg
Table 8 Background datasets used for modelling the distribution centre
Transformation, from industrial area, built up
Transformation, to industrial area, built up
Occupation, industrial area, built up
Transport, freight, lorry 16–32 metric ton, EURO4 {RER}| transport,
freight, lorry 16–32 metric ton, EURO4 | Alloc Def, U
Building, hall, steel construction {RoW}| building construction, hall,
steel construction | Alloc Def, U
Tap water, at user {Europe without Switzerland}| market for | Alloc Def,
U
Electricity, low voltage {BE}| market for | Alloc Def, U
Natural gas, burned in gas motor, for storage {NL}| processing | Alloc
Def, U
Ethane, pentafluoro-, HFC-125
Ethane, 1,1,1-trifluoro-, HFC-143a
Ethane, 1,1,1,2-tetrafluoro-, HFC-134a
Wastewater, average (waste treatment) {GLO}| market for | Alloc Def, U
Table 9 Background datasets used for modelling the retail stores
Transformation, from industrial area
Transformation, to industrial area
Occupation, industrial area
Transport, freight, lorry 7.5–16 metric ton, EURO4 {RER}| transport,
freight, lorry 7.5–16 metric ton, EURO4 | Alloc Def, U
Vlevico pig meat output (Colruytketen)
Colruyt Dassenveld pork (Colruytketen)
Building, hall, steel construction {RoW}| building construction, hall,
steel construction | Alloc Def, U
Tap water, at user {Europe without Switzerland}| market for | Alloc Def,
U
Pine wood, timber, production mix, at saw mill, 40% water content DE S
Chromium steel pipe {GLO}| market for | Alloc Def, U
Computer, desktop, without screen {GLO}| market for | Alloc Def, U
Metal working, average for steel product manufacturing {RER}|
processing | Alloc Def, U
Electricity, low voltage {BE}| market for | Alloc Def, U
Ethane, pentafluoro-, HFC-125
Ethane, 1,1,1-trifluoro-, HFC-143a
Ethane, 1,1,1,2-tetrafluoro-, HFC-134a
Wastewater, average (waste treatment) {GLO}| market for | Alloc Def, U
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& Phosphate runoff to surface water:
& The factor P2O5sl is assumed to be 90.3 kg ha
−1.
& Wheat production:
& The grain/straw mass ratio is assumed to be similar to that
used in the Agri-Footprint database (Blonk 2014), namely
1.82.
& No subcontracting is assumed.
& Electricity from biogas:
& Expert judgement (Velghe F., senior project engineer at
OWS, personal communication) is used to quantify the
biogas potential and electricity generation: 40 m3 biogas/
ton pig manure and 2 kWh electricity/m3 biogas.
Meat processing:
& For packaging, the PEF guidelines for meat are used: 25 g
plastic packaging and 2.5 g paper for the label per kilogram
fresh meat (Technical Secretariat for the Fresh Meat Pilot
2014), assuming that the plastic is 50 % PP and 50 % PE.
Distribution centre:
& Half of the meat is assumed to pass the distribution centre
on its way to retail while the other half is transported
directly to retail.
Transport:
& The transport distance from Halle (where both the
meat processing and distribution centre are located)
to the retail stores and back is assumed to be
160 km as most of the Colruyt retail stores are
found within this range.
& Transport in between foreground units is modelled follow-
ing the OEF Sector Rules Retail (Humbert et al. 2015b): it
is assumed to be performed by lorry without taking into
account any cooling needs.
Commuting:
& Commuting is assumed to be negligible for the farms as
the farmers live on-site.
& Employees relying on a mixture of bicycle, foot, bus,
tram, or train are assumed to have a relatively small impact
compared to cars (based on Pickery 2005; Borken-
Kleefeld et al. 2010).
2.3.4 Impact assessment method, normalization
and weighting
The environmental impacts are calculated at the midpoint
level using the environmental impact categories, charac-
terization factors and indicators recommended in the PEF
Guidance. The calculations are performed using the in-
ternational reference life cycle data system (ILCD) 2011
Midpoint + V1.06 method as implemented in SimaPro
8.0.5.13.
As far as normalization is concerned, according to the
most up-to-date position papers by the European
Commission (Galatola 2015), normalized and equally
weighted PEF results present some inconsistencies stem-
ming from errors at various levels of the assessment. For
this reason, normalization has not been carried out in this
study.
2.3.5 Treatment of multifunctionality
The environmental impacts associated with the feed produc-
tion process are assigned by subdivision of the production
plant. The farms produce both meat pigs and piglets between
which the impact is allocated by mass. The slaughterhouse
produces pork as well as several by-products (e.g. intestines).
The impact is allocated by economic value between the meat
products and the by-products at a 90:10 ratio (Coenegrachts J.,
director at Covalis, personal communication), in line with the
Cattle Model. The impacts associated with the meat process-
ing are allocated by mass.
The end-of-life formula recommended in the PEF/OEF
guidelines for dealing with multifunctionality in recycling sit-
uations has not been applied as recycling or energy recupera-
tion benefits were not considered in the applied waste treat-
ment models. This aspect does not affect the compliance with
the PEF methodology but has been taken into account for
calculating the data quality rating.
2.4 Process descriptions
2.4.1 Feed production
Primary data describing the processing of different ingredients
into feeds was collected at a large feed production site (AVEVE
Veevoeding in Merksem, Belgium; total yearly production
>800,000 t) through a short meeting with the R&D and quality
assurance manager of the organisation who provided utility and
diesel use as well as feed composition data. The gathered data
represent the year average consumption in 2013.
The feed production plant is subdivided in four main units:
reception and storage, cattle feed production, specialty feed
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production, and monogastric feed production. The reception
and storage units are shared among the other three units. Data
was available per unit and since the cattle feed and specialty
feed production units are separated entirely from the mono-
gastric feed production and are not linked to its impact, both
are excluded from this study.
Utility consumption was considered equal per mass unit for
all products within one production unit. The impact of feed pack-
aging was allocated only to those feeds that are sold in bags. No
additional utilities, e.g. electricity for the packing process, were
allocated to the packaged feeds due to lack of detailed data.
The following feeds are used by the farmers in this
study and were analysed in detail, taking into account
their specific ingredients and inclusion or omission of
packaging. For piglets: Biggispeen Balans meel,
Biggispeen Balans kruimelig meel, Biggistart Balans meel
and Biggistart Balans kruimelig meel. For breeding sows:
Optifok II korrel. For meat pigs: Optipro korrel, Optivo
Grow korrel – omega 3, Premium Pro korrel, Premium
Finish korrel, Premium Grow korrel, Premium Grow
korrel – omega 3, Premium Pro korrel, Premium Pro
korrel – omega 3 and Premium Transit korrel. For non-
breeding sows: Fertiflush korrel, Fertimax korrel,
Lactomax korrel, Easylac korrel and Fertimax korrel.
The feeds are composed out of about 50 different ingre-
dients such as barley, wheat, maize, oats, soy, palm oil,
maize oil, salt, etc. 94 % of the feed mass fraction was
Table 10 Data quality assessment (quality ratings can range from excellent (1) to very poor (5))
Data quality criterium Quality
rating
Rationale
Technological
representativeness
(TeR) 2 All technologies included in the foreground system of the study were effectively applied at the
analysed unit operations. Background data may deviate somewhat from reality as these are often
made up from average production methods. Background data was selected in order to match
reality as closely as possible
Geographical
representativeness
(GR) 2 Most data was gathered at the specific processing plants in Belgium. Some background data is
however more generic and not specific for the considered locations (e.g. using global averages).
Background data was selected in order to match reality as closely as possible
Time-related representativeness (TiR) 5 All gathered foreground data originates from the year 2013. Background datasets and models used
are however often more than 5 years older than the foreground data. Background data was
selected in order to match reality as closely as possible
Completeness (C) 2 Completeness is assumed to be good as all but one of the PEF impact categories were considered
and all relevant in- and outputs of the foreground processes have been taken into account (only
part of the capital goods and commuting were not included and 6 % of the feed ingredients (by
mass) were assumed to have similar impacts to the other 94 %). Omitting the commuting data has
an impact of max. 10 % and an average of 2 % of the total impacts. For the toxicity related impact
categories, detailed data was however limited
Parameter uncertainty (P) 2 The resource use and emissions data is judged to be of low uncertainty as most data originates from
calibrated measurements (e.g. energy use and legally regulated emissions) or recent, published
calculation models. Standard deviations from these measurements are unknown but assumed to
be limited
Methodological
appropriateness and
consistency
(M) 3 Multifunctionality was dealt with appropriately. No cutoff was applied. Fossil and biogenic carbon
emissions and removals were modelled separately (biogenic carbon emissions are not taken into
account in the used ILCD method). GHG emissions from direct land use change were taken into
account. No credits were considered for carbon storage or delayed emissions. No emissions
off-setting were included. Most of the capital goods were included. All major processes directly
linked to the product supply chain were included within the system boundaries. No 50/50
end-of-life modelling was included
Table 11 Average data quality ratings for the datasets with the largest
impacts, together responsible for at least 70 % of the total impact in the
effect category
Effect category Data quality rating
Climate change 2.54
Ozone depletion 2.67
Human toxicity, cancer effects 2.44
Human toxicity, non-cancer effects 2.00
Particulate matter 2.33
Ionizing radiation HH 2.67
Photochemical ozone formation 2.54
Acidification 2.17
Terrestrial eutrophication 1.78
Freshwater eutrophication 2.57
Freshwater ecotoxicity 2.51
Land use 2.37
Water resource depletion 2.62
Mineral, fossil and ren. resource depletion 2.67
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modelled matching the ingredients, the remaining 6 %
was assumed to have a similar specific impact due to lack
of matching datasets.
2.4.2 Animal husbandry
Two Belgian pig farms (A and B) were included in the study.
Data was gathered from the detailed bookkeeping and envi-
ronmental reports of each during a short, on-site interview
with the farmers.
Farm A grows pigs and piglets as well as sugar beet,
Cichorium, maize and wheat. The latter two crops are
transported to the feed production plant and assumed to be
incorporated into the pig feed used at the farm. The produced
amount is similar to the consumed amount. As such, it is
assumed that all consumed maize and wheat are produced
on-site. Derivative products such as maize bran, germ, etc.
come from the feed market. The power needs of farm A are
also partially met on-site by photovoltaic electricity produc-
tion. On-site transport by tractor and stable heating are
powered by fuel oil. Water is extracted directly from the
ground.
The maize grain production at farm A is modelled using
data provided by the farmer combined with readily available
literature data. The farm applies K2O fertilizer, other nutrients
are delivered by manure from the pigs. Manure N and P2O5
concentrations are based on literature (Coppens, 2009). Other
inputs are ground water, fuel oil and maize seeds. A default
pesticide mix is used. The harvesting is subcontracted and
therefore modelled using Ecoinvent v3.01 (Wernet et al.
2016). Emissions such as NH3, NO, N2O, CH4, CO2, NO3
and PO4 are calculated using emission models and literature
data (Bengoa et al. 2014; De Neve et al. 2006; Nyamangara
et al. 2003; LNE 2011).
The wheat production at farm A is also modelled. The
grain/straw ratio is based on that used in the Agri-Footprint
database (Blonk 2014). Mineral fertilizer is added (as a gener-
ic market mix) as well as sow manure. Other inputs in the
process are ground water, fuel oil and wheat seeds. A default
pesticide mix is used. No subcontracting is taken into account.
Emissions are calculated similarly to the production of maize
grain, but with adjusted addition of N (79 kg N ha−1 in manure
and 55 kg N ha−1 in mineral fertil izer) and P2O5
(58 kg P2O5 ha
−1) based on information provided by the farm-
er. For calculation of nitrate emissions, wheat root depth and
nitrogen uptake were taken into account. The impact related to
sugar beet and Cichorium production is excluded from the
study as this is not linked to the pig production.
Farm B produces grown pigs, maize and potatoes at three
different sites. The maize is used for pig feed production. The
maize production impact is approximated by that of farm A
because detailed data regarding the agricultural activities on
farm B were unavailable due to subcontracting. Electricity on
this farm originates entirely from the grid. Fuel oil is used for
stable heating and powering tractors. Water is extracted from
the ground. Most of the manure is processed in an off-site
anaerobic digestion plant with electricity production, the
amount of which is determined by expert judgement (Velghe
F., senior project engineer at OWS, personal communication).
The anaerobically produced electricity substitutes part of the
grid power consumption of farm B.
The following direct gaseous emissions from the stables
and manure were calculated using emission models.
Ammonia emissions were determined taking into account
the difference between regular and low ammonia emission
stables (Van Gansbeke 2012), the latter achieves lower emis-
sions by e.g. limiting the contact time between manure and
atmospheric air. N2O, methane and CO2 emissions were cal-
culated based on a review study (Philippe and Nicks 2014).
NOX emission was taken into account by combining the N
content of the liquid manure with a fixed emission factor
(Bengoa et al. 2014).
The impacts caused by on-site manure use for fertilization
were taken into account, while those caused by traded manure
were not since the latter are outside of the scope of this study.
2.4.3 Slaughterhouse
The slaughterhouse in this study is a modern, large-scale plant
slaughtering around 1,000,000 pigs per year (Comeco in
Hoogstraten, Belgium). Data was collected at the level of the
slaughtering plant during an on-site meeting with the plant
director.
Upon arrival at the slaughterhouse, pigs spend a short pe-
riod in stables where they are calmed down with the aid of
warm water sprays. Their manure is collected. Subsequently,
the animals are sedated by immersion in a CO2 bath after
which they are hung and stabbed for blood extraction. After
heat treatment, dehairing with collection of the hair, and skin
flaming, the animals are partitioned into carcasses and by-
products are removed. Finally, the carcasses are split up into
smaller parts before export to different customers.
Whereas the slaughterhouse processes pigs from a large
number of farmers, in this study, we simulate that the input
stream of pigs is made up entirely out of pigs produced at farms
A and B since we do not want to mix the final result with
generic datasets in the foreground system. The mass of pigs
coming from both farms has been upscaled based on the ratio of
their actual production (36% from farm A and 64 % from farm
B) to match the total pig mass processed in the slaughterhouse.
Waste processing scenarios are modelled using Ecoinvent
v3.01 (Wernet et al. 2016). Utilities of the on-site wastewater
treatment plant are taken into account. The subsequently emit-
ted water meets environmental regulations for discharge in
surface waters. Sludge processing is taken into account and
emissions of CO2, CO, NOx, SO2 and particulate matter (PM)
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from steam boilers and flame ovens are included based on
actual measurements.
2.4.4 Meat processing
The slaughtered pigs are processed into different pork prod-
ucts in the meat processing plant (Fine Food Meat in Halle,
Belgium). Data is collected at the level of the plant combined
with data from the organisational level through an on-site
meeting with one of the plant managers.
After reception and internal distribution of the pig parts,
they are cut and stored. Next, the pork is either exported or
processed further on-site in the portioning and packing, or
charcuterie and slicing departments. The exported products
are transported in cooled trailers or carts, either to the distri-
bution centre (Dassenveld, which is also located in Halle) or
directly to retail stores. Cooling of the trucks has not been
accounted for.
The wastewater treatment is a combination of different in-
stallations, purifying part of the water to drinking water qual-
ity for internal reuse and the remaining wastewater to the
levels needed for evacuation into surface waters. The impact
associated with the construction and maintenance of each of
the installations is modelled using generic data from wastewa-
ter treatment plants.
2.4.5 Distribution centre
Half of the meat is estimated to pass through the distribution
centre while the other half is transported directly to retail. The
impact of the distribution centre (Dassenveld in Halle,
Belgium) is difficult to allocate due to a large and diverse
throughput of products, some of which undergo processing
steps such as cutting or packaging. For this reason the impact
of Dassenveld is approximated by the OEF Sector Rules
Retail for cooled storage (Humbert et al. 2015b) and allocated
based on economics. Themodel includes many inputs, includ-
ing refrigerant emissions.
2.4.6 Retail
The impact of the retail stores (Colruyt Laagste Prijzen) is also
approximated by the OEF sector rules retail (Humbert et al.
2015b). The model includes many inputs, including refriger-
ant emissions. Due to lack of details, the chairs included in the
model are not taken into account. Since packaging materials
are already included at the meat processing plant, these are not
added again at this step.
2.4.7 Transportation
Transport is included for the feed ingredients with the largest
mass fractions. These are soy, barley, maize and wheat. From
the feed production on-site, the transportation between the
considered foreground system unit operations is included up
until the retail stores. These transportation steps are performed
by lorry.
2.5 Data quality
The quality of the data used for this study is determined fol-
lowing PEF guidelines (Manfredi et al. 2012; European
Commission 2013c). The assessment is discussed briefly for
each of the data quality criteria in Table 10.
The overall data quality rating (DQR) is calculated as
follows:
DQR ¼ TeRþGRþTiRþCþP5 ¼ 2þ2þ5þ2þ25 ¼ 2:6
With TeR = technological representativeness; GR = geo-
graphical representativeness; TiR = time-related representa-
tiveness; C = completeness; and P = parameter uncertainty.
The achieved DQR is considered to indicate data of good
quality.
Besides the determination of the overall data quality, the
data quality per impact category was also determined using
the same calculation method as above for those process
datasets that contribute the most and together are responsible
for at least 70 % of the impact in that category and by expert
judgement for those processes that combined contribute up to
at least 90 % of the category impact. The calculated average
data quality results per impact category (together responsible
for 70 % of the impact) are shown in Table 11, resulting in
very good to good quality ratings in all impact categories. The
other considered data (responsible for the 70–90 % interval
contributions) were determined to be of good quality by expert
judgement. More than 90 % of the impact in every category is
thus caused by datasets of good or very good quality.
3 Results and discussion
3.1 Life cycle impact assessment results and hotspot
analysis
The total environmental impacts associated with the pork pro-
duction chain are listed in Table 12. The environmental
hotspots throughout the production chain are shown in
Fig. 3 and discussed below. Both only for those results which
are not considered highly uncertain in the uncertainty analysis.
Overall, feed production and farming are responsible for
more than half of the total impact in each of the selected
impact categories, mostly followed by meat processing. The
slaughterhouse is less important while wholesale and retail
show negligible impact contributions.
Water resource depletion is mostly caused by electricity
consumption throughout the foreground processes (48 %)
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and feed production, especially barley grain (18 %) and soy-
bean (7 %). The inclusion of infrastructure (building construc-
tion) is responsible for 6 % of the total impact. Other contribu-
tions such as the extraction of groundwater at the farms are less
important individually (<5% of the total) but do add up to 21%.
Freshwater eutrophication is mostly caused by emissions
during farming (76%; both feed ingredient production and pig
farming) and by the processing of waste meat products origi-
nating from the meat processing plant (16 %; the Ecoinvent
v3.01 (Wernet et al. 2016) scenario assumes mainly
incineration).
Particulate matter is mostly caused by ammonia emissions
at farm level and by the tractors used in the farms. Feed ingre-
dient production and transport are responsible for most of the
remaining impact.
Ozone depletion is especially linked to electricity and die-
sel consumption throughout the chain. The diesel related
emissions are caused by both heating and transport use.
Acidification is mainly caused by ammonia emissions (and
to a lesser extent, sulphur and nitrogen oxides) at farm level
(56 %). Most of the remaining impact is caused by the feed
ingredient production processes (>35 %).
Terrestrial eutrophication is mostly caused on-site at the
farms (58 %) by ammonia emissions during animal breeding.
The remaining impact is almost entirely caused by the feed
ingredients due to, e.g. the application ofmanure for fertilizing
wheat, maize, barley, soybean, etc.
Mineral, fossil and renewable resource depletion impacts
are largely caused by the building infrastructure used in the
foreground processes (74 %) and more precisely, the zinc that
is used in this background dataset. The impact is concentrated
at the farming stage due to the used stables which are relative-
ly large for their pig throughput compared to the other fore-
ground processes.
Climate change impact contributions are discussed in detail
in the following paragraphs and shown in Fig. 4 which pre-
sents the growth of the carbon footprint throughout the studied
pork production chain. The transport steps from the meat pro-
cessing plant to the distribution centre and further to the re-
tailer are negligible in the overall carbon footprint and are
therefore omitted from the figure.
At the meat processing plant, the main meat input causes
the highest share of the impact (94 %) whereas packaging,
transport, natural gas, wastewater treatment, cleaning products
and other utilities represent a smaller, combined impact of
0.03 kg CO2-eq.
The slaughtering shows a similar image: 97 % of its impact
is caused by the supply of meat whereas the remainder is
mostly caused by utilities (transport from the farms, (grey)
electricity, the natural gas burned for flaming, etc.). Other
inputs such as gases, diesel, water and waste treatment are
negligible. Bracquené et al. (2011) reports a higher addition
by the slaughterhouse, but takes into account waste processing
of the meat waste, whereas in this case study all these waste
products are valorised.
The pork impact originates for 31 % from farm A and
61 % from farm B. This is not due to large differences in
farming practises, but rather because of the larger scale
of farm B and the proportionate allocation of mass input
of the two suppliers (36 % from A and 64 % from B).
This actually means that the impact per mass of pig
produced is quite comparable for both farms.
The pigs delivered by farm A have an impact of
3.1 kg CO2-eq per kilogram pig whereas the pigs deliv-
ered by farm B have a carbon footprint of 3.4 kg CO2-eq
per kilogram pig. Interestingly, this difference is mainly
caused by difference in feed supply of the two farms.
The feed conversion ratio of both farms is in the same
order of magnitude (2.7–2.8 kg feed per kilogram pig),
but the impact of the premium feed series is generally
higher than the Opti feed series, mainly due to higher
amounts of palm products, and to a lesser extent soybean
products, in the premium series.
Direct emissions of dinitrogen monoxide and methane
are very important (31–32 %) causes of greenhouse gas
emissions for both animal husbandries. This is in line
with what is found in other studies (e.g. Bracquené et
al. (2011) reports around 30 % of the total carbon foot-
print). These emissions are indeed inherent to the breed-
ing of pigs and can hardly be mitigated. Other aspects
that are contributing less are the heating systems of the
stables (2–3 %) which are for most farms based on fuel
oil, and transport of feed ingredients (1–3 %). The latter
is a bit higher for the farm that is situated further from
Table 12 Pork production total environmental footprint (per 100 g
pork at retail)
Impact category Quantity Unit
Climate change 4.6E-01 kg CO2 eq
Ozone depletion 1.7E-08 kg CFC-11 eq
Human toxicity, cancer effects 1.2E-08 CTUh
Human toxicity, non-cancer effects 6.9E-07 CTUh
Particulate matter 3.1E-04 kg PM2.5 eq
Ionizing radiation HH 5.5E-02 kBq U235 eq
Photochemical ozone formation 1.3E-03 kg NMVOC eq
Acidification 9.8E-03 molc H+ eq
Terrestrial eutrophication 4.2E-02 molc N eq
Freshwater eutrophication 9.2E-05 kg P eq
Freshwater ecotoxicity 2.6E+00 CTUe
Land use 8.0E+00 kg C deficit
Water resource depletion 1.4E-01 m3 water eq
Mineral, fossil and ren. Resource depletion 4.6E-05 kg Sb eq
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the feed production plant in Merksem. Electricity use on
the farms generally has a low impact on climate change,
which is enhanced by the fact that both farmers are in-
volved in renewable energy projects (photovoltaics and
biogas production).
As expected, the feed production has an important
share in the total burden of the pork production chain.
In this production chain, 0.24 kg CO2-eq. or 52 % of
the total carbon footprint, originates from feed production.
Only 2.5 % of this impact is caused by the production
process in Merksem, whereas 97.5 % originates from pro-
duction and transport of feed ingredients. Grains or grain-
related products (e.g. bran) mainly from Belgium/Europe
have the largest share in this impact (48 %), followed by
soybean (29 %) and palm oil (17 %). Other ingredients
such as sunflower seeds, beet pulp, etc. have a smaller
share.
3.2 Sensitivity
Sensitivity analyses have been carried out to test the extent to
which the main assumptions adopted for modelling the supply
chain affect the overall results. In particular, the sensitivity of
the following aspects has been considered: inclusion of com-
muting, different origin of the maize, ammonia emission mod-
el, ranges for sow ammonia and greenhouse gas emissions.
The significance of the resulting differences is assessed statis-
tically using Welch’s t test at the 95 % certainty level. The
standard deviation required for this test was determined by
Monte Carlo simulation with 1000 runs.
Commuting is not included in the main results due to lack
of detailed data. The potential impact of this decision is quan-
tified by combining site data with averages from literature.
Table 13 summarizes the used employee data. As listed in
Table 14, most of the employees use their car for commuting.
Fig. 3 Environmental footprint
distribution throughout the supply
chain (omitting highly uncertain
results)
Fig. 4 Carbon footprint distribution throughout the supply chain (kg CO2-eq. (100 g)
−1 pork at retail)
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The others rely on amixture of bicycle, foot, bus, tram or train.
This mix is not modelled for the sake of simplicity, as it is
assumed to have a small impact compared to the transport by
car. As can be seen in Fig. 5, the effect of adding commuting
to the total impact is relatively small. It significantly increases
the impact in terms of freshwater eutrophication, ozone deple-
tion, particulate matter and water resource depletion.
The maize grains used in the feeds are assumed to originate
from local production at farm A. In order to assess the sensi-
tivity of this modelling decision, the total impact of the pork
chain using this local maize grain is compared to a model in
which a general, global average production dataset is used to
which transport from France to the feed production compound
is added (Huysveld S., Ghent University, personal communi-
cation). The total impact of the pork at supermarket is signif-
icantly better when using local maize in terms of freshwater
eutrophication, ozone depletion, particulate matter and water
resource depletion (Fig. 6).
The ammonia emission model could be replaced by that of
Bengoa et al. (2014) which do not differentiate between low
ammonia emission and regular stables instead of the one by
Van Gansbeke (2012) which does differentiate between both
types. The impact of using this alternative model is shown in
Fig. 7. The sensitivity for the ammonia emission model is
limited to three impact categories: acidification, particulate
matter and terrestrial eutrophication. The higher values for
the model by Bengoa et al. (2014) are not surprising since
the alternative model does not differentiate between low am-
monia emission and regular stables.
Ammonia emissions in animal husbandry are calculated
using the average from the range of emission factors provided
in literature for sows in both low ammonia emission and reg-
ular stables. In order to assess the sensitivity of the pork chain
model to this decision, the model is ran again with both the
lowest and highest values from the ranges. The sensitivity of
the model to changing the sows’ ammonia emission factors to
the maximum or minimum values of the range is minimal and
only in terms of acidification, particulate matter and terrestrial
eutrophication (Fig. 8).
Greenhouse gas emissions in animal husbandry are cal-
culated using the average from the range of emission
factors provided in literature for sows in both low am-
monia emission and regular stables. In order to assess the
sensitivity of the constructed model to this decision, it is
ran again with both the lowest and highest values from
the ranges. Variation of the exact choice of greenhouse
gas emission factors for the sows did not lead to signif-
icant differences to the overall environmental impact re-
sults in any of the impact categories.
3.3 Uncertainty
The uncertainty of the midpoint results was determined statis-
tically by performing a Monte Carlo uncertainty simulation
(10,000 runs, 95 % confidence interval) and determining the
coefficient of variation (CV) of the overall results in every
impact category (Fig. 9).
Water resource depletion shows the least uncertainty (CV
of 13 %) followed by freshwater eutrophication, particulate
matter, ozone depletion, acidification, terrestrial eutrophica-
tion, mineral, fossil and renewable resource depletion and cli-
mate change. The other impact categories all result in CV’s
above 100 %, reaching up to 4874 % for human toxicity and
non-cancer effects. The latter results thus have very low cer-
tainty and would likely lead to incorrect conclusions. They are
therefore omitted from the study results.
In addition to the high CV found in the Monte Carlo simula-
tion, land use is also considered uncertain due to the applied
calculation method. Although it is the current ILCD (JRC-IES
2011) recommendedmethod (Milà I Canals et al. 2007), it should
be used carefully as it is based upon very generic data, its scope is
limited to soil organicmatter (excluding e.g. biodiversity) and it is
classed as ‘level III: recommended, but to be applied with cau-
tion’ (JRC-IES 2012).
The different toxicity categories are also highly uncertain, es-
pecially in agriculture. This uncertainty is caused by e.g. the
modelling of the heavy metals spread with the manure for which
Table 13 Summary of employee commuting data
Site Number of employees Allocation to pork chain (%) Rationale for allocating
Feed production 260 1 Allocation by mass of total production that is destined for farms A and B
Farms 1–2 100 Commuting assumed to be negligible
Slaughterhouse 80 2 Allocation by mass of pork originating from farms A and B
Meat processing 850 3 Allocation by mass of pork originating from farms A and B
Distribution and retail 26,150 0.1 Estimate based on turnover
Table 14 Commuting data (based on Pickery 2005)
Transport mode Amount unit
Employees by car 70 %
Employees by bicycle, foot, bus, tram or train 30 %
Average single distance 19 km
Commuting frequency 254 days year−1
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an Ecoinvent v3.01 (Wernet et al. 2016) dataset detailing organic
maize farming was used, as well as the emissions from pesticide
use, agricultural vehicle tyre wear and waste water treatment for
which insufficient details were available in order to adequately
determine their total contribution to the overall results.
3.4 Chain-OEF in practice
Pragmatic data collection throughout the supply chain plays
an important role in the chain-OEF approach. Foreground data
collection is evaluated as follows for each of the plants:
& Feed production facility. Utility usage data was relatively
easily available at the level of the different production
units. Data for feed compositions was also available but
required more work due to the large diversity of different
feed products with all their specific ingredients. Feed does,
however, represent an important impact in the meat supply
chain. It is therefore important to gather detailed compo-
sitions at the level of specific brands rather than making
one average animal feed mix. Including specific brand
names allows farmers to link their feed choice directly to
their environmental impact.
& Animal husbandries. Whereas data collection for agricul-
tural processes is generally seen as difficult, farmers in
Western Europe generally have very detailed bookkeeping
and low overhead. Therefore, it is surprisingly easy to
gather the required inventory data. However, data on di-
rect elementary flows such as air emissions is more diffi-
cult to gather and requires expert knowledge and emission
models to calculate.
& Slaughterhouse and meat processing. Data was relatively
easily available at plant level. The slaughterhouse is a very
linear process and therefore quite straightforward, whereas
the meat processing site produces a multitude of outputs.
In this study, we have chosen for the group of fresh pig
meat, whereas many preparations are made as well, using
a large range of utilities such as onion, pepper, port, may-
onnaise, etc. This list is very elaborated and therefore time
consuming. In that sense it is important to choose a func-
tional unit that fits the goal and scope, which can be the
optimisation of the meat supply chain or communication
Fig. 5 Sensitivity of the model to
including commuting to the
foreground processes
(insignificant differences not
shown)
Fig. 6 Sensitivity of the model to
using global average maize
production instead of locally
produced maize (insignificant
differences not shown)
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to consumers. In the latter case, it might be advisable to
differentiate between specific preparations.
& Distribution centre and retail stores. Data gathering and
allocation are rather complicated. In general, the impression
is that the larger the company, the more complex the
organogram, and consequently, themore distributed the data.
In contrast to the general feeling that it is difficult to
involve farmers and small or medium-sized enterprises
(SMEs) in LCAs because of data availability and effort,
we experienced that data is more easily available for
these actors and only requires an interview of approxi-
mately 2 h followed by a short analysis of the bookkeep-
ing. The latter is also easily done if data can be aggre-
gated at plant or business unit level on a yearly basis.
This is in contrast to large industries in which data is
very dispersed and a longer collection phase is required
with more interviews and more difficult allocation keys.
However, large organizations can often put more effort
into sustainability issues and are often the driving force
behind LCAs.
The basic availability of data in supply chains of developed
countries is not an issue, at least when all involved actors are
located in the same country. The main bottlenecks arise
elsewhere:
& Bookkeeping data are not directly usable as life cycle in-
ventories. The data needs to be processed, transformed or
completed with literature data or calculation models.
Currently, this requires the involvement of a sector spe-
cialist and an LCA expert, increasing the cost of the study.
Therefore, means should be sought to facilitate this step.
& Data is confidential between supply chain actors and often
none of the results or only the impact assessment results
can be communicated. This can be done by an indepen-
dent third party, but it would be beneficial to have a data
management platform in which supply chain actors can
manage their own data, let it be reviewed and let the
LCA results be communicated to clients and suppliers,
partners, governments, etc.
& Most importantly, the supply chain actors such as SMEs
and farmers have relatively fast access to data but the main
Fig. 7 Sensitivity of the model to
using the ammonia emission
model presented by Bengoa et al.
(2014) instead of the model by
Van Gansbeke (2012)
(insignificant differences not
shown)
Fig. 8 Sensitivity of the model to
the ammonia emission factor
range for sows, relative to average
factor results (insignificant
differences between min. and
max. results not shown)
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bottleneck is to convince them to spend effort on an LCA
study or at least to spend effort collecting and forwarding
the required data to LCA practitioners.
For this purpose, we have brought the supply chain actors
together. The general feeling is that performing an LCA is
useful and delivers interesting insights, especially on hotspots
in the supply chain. On the other hand, there is also a feeling
that an LCA stops too early, namely when the LCA result
becomes available. The insights from the study should be used
to actually induce positive change. Figure 10 shows different
drivers to make changes to supply chains; one pull and three
push strategies are identified:
& Pull: eco-branding. Consumers become more conscious
about environmental issues and believe that they can play
an important role in a transition to a greener society
through sustainable consumption. Consumers can there-
fore induce a positive dynamic in value chains, but where-
as they want to make sustainable choices, they do not
always know exactly how to do this due to the unavail-
ability of simple and reliable information. Clearly label-
ling environmentally friendly products can increase their
consumption (Vlaeminck et al. 2014).
& Push: legislation. The European PEF/OEF offers a
harmonised life cycle assessment methodology that can
be used to underpin both recommended and mandatory
European and regional policies.
& Push: technology. The consumption of energy and other
resources often represents a major part of the product cost.
Managing these resources in a more efficient, more sustain-
able manner by using innovative technologies will not only
lead to cost savings across value chains, enhancing the eco-
nomic benefit and thus the competitiveness of companies,
but, more importantly, will also have an ecological benefit,
decreasing the overconsumption of natural resources.
& Push: new business models. Innovations can not only be
identified for a single production stage, but they can be
established by introducing industrial ecology/symbiosis
principles within value chains and within industrial clusters.
Furthermore, in order to take up a leading role, businesses
may require environmental practices from their suppliers
that are more demanding than those required by legislation.
Although some efforts have already been made, we find
further research on these aspects essential for the large-scale
implementation of the environmental footprint system. Based
on current knowledge of LCA experts, it remains difficult to
introduce these drivers for change within an LCA study.
Efforts related to LCA should thus go further than solely
harmonisation and methodological discussions. Instead, we
should take the opportunity of a harmonised approach to focus
on more multi-disciplinary aspects, such as communication of
LCA/PEF/OEF results, use of LCA in policy, the combination
of LCA and engineering and best practices of technologies,
and the systematic identification of new business models such
as industrial symbiosis within and outside of supply chains.
4 Conclusions
4.1 Impact of the analysed pork production chain
As expected based on literature study (Blonk 2014; ERM/
Ghent University 2011; Rougoor et al. 2015), feed production
and farming are responsible for an important share of the total
burden of the pork production chain. The conclusions are
discussed below, but only for those impact categories with
the least uncertainty.
Water resource depletion is mostly caused by feed ingredient
production (especially barley, soybean and sunflower seeds),
electricity consumption and infrastructure of the foreground pro-
cesses. Freshwater eutrophication is mostly caused by emissions
during farming (especially feed ingredient production) and by
the processing of waste meat products originating from the meat
processing plant. Almost half of the particulate matter impact is
caused by ammonia emissions at farm level and by the tractors
Fig. 10 Strategies to find additional added value from LCA studies
which can be used to convince supply chain actors to join
Fig. 9 Uncertainty analysis: coefficients of variation for every midpoint
impact category (based on a Monte Carlo simulation of 10,000 runs with
95 % confidence interval)
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used in the farms. Feed ingredient production and the associated
transport are responsible for most of the remaining impact.
Ozone depletion is especially linked to electricity and diesel
consumption throughout the chain. Acidification is mainly
caused by ammonia emissions (and to a lesser extent sulphur
and nitrogen oxides) at farm level. Most of the remaining impact
is caused by the feed ingredient production processes. Terrestrial
eutrophication is mostly caused on-site at the farms by ammonia
emissions during animal breeding, the remaining impact is al-
most entirely caused by the feed ingredients. The impact in terms
of mineral, fossil and renewable resource depletion is largely
caused by the building infrastructure used in the foreground
processes and more precisely the zinc that is used in this back-
ground dataset.
Fifty-two percent of the total carbon footprint originates from
feed production. Grains, or grain-related products (e.g. bran),
mainly from Belgium/Europe have the largest share in this im-
pact, followed by soybean and palm oil. Other ingredients such
as sunflower seeds, beet pulp, etc. have a smaller share. Both pig
farmers have similar climate impacts despite the choice for dif-
ferent feeds. This is explained by the lower emissions originating
from farm B being combined with the use of feeds which have a
higher impact than those used by farm A. Since feed conversion
ratios are similar it can be assumed that the pig farming process
could be improved further by combining the low emission sta-
bles of farmBwith themore environment-friendly feeds selected
at farm A (more of the Opti feeds instead of the Premium feeds).
The production chain steps after the farms only add small im-
pacts to the total carbon footprint (a few percentages per step).
This was somehow anticipated, but the effect is larger than ex-
pected, most probably due to very efficient production plants and
other environment-friendly initiatives.
4.2 Applying chain-OEF
Chain-OEF combines the PEF and OEF guidelines to come to
an efficient supply chain assessment. Several elements of these
guidelines lead to interesting results: not only the total impacts
and hotspots are identified using standardized methods but un-
certainties are also assessed, sensitivities are checked and im-
provement potentials are evaluated, all leading to valuable in-
sights and more correct interpretation of the results. The most
important point of discussion that arose during the drafting and
reviewing of the study was that of the data quality rating. As this
is largely based on subjective quantification of qualitative param-
eters, it is difficult to come to mutual agreement. Evaluating the
different criteria qualitatively surely adds value for the reader by
summarizing the most important data quality aspects, but we
expect the quantified rating to have little real value due to its
subjective nature. Another issue is that of the high uncertainty
associated with the results in terms of the toxicity impact cate-
gories, land use and resource depletion. This issue is also
discussed by the Technical Advisory Board of the European
Commission and is considered a problem in many PEF/OEF
pilots. Including quantified results from these impact categories
can easily lead to misunderstandings, especially among non-spe-
cialists. Taking into account renewable electricity use proven by
guarantees of origin was another point of discussion. The PEF
and OEF guidelines allow this if a statement by the utility is
added to the study as proof. In practice, the required document
was not always easily obtainable and its environmental value is
questionable, considering the fact that e.g. renewable electricity
generation in Iceland can be taken into account in Belgium,
despite the lack of electrical links between both, or that intermit-
tent renewable generation without storage can fully replace the
average grid mix. Finally, the current rules allow a subjective
choice of allocationmethods. For comparability between studies,
it might be better to define specific allocation methods for every
sector or activity type.
Applying the chain-OEF approach in this study has shown
that a product environmental footprint can indeed be calculated
successfully based on primary process and overhead data
throughout the supply chain. Primary data was sometimes more
easily available than expected in this pork supply chain, espe-
cially for SMEs or farmers. The clue for large-scale implemen-
tation of PEF/OEF studies in supply chains would thus be:
& The installation of a data management platform in which
LCA results can be exchanged with respect for confiden-
tiality and
& The link of LCA studies to drivers towards positive
change in supply chains.
In this case study, all actors agreed to join since they are
already frontrunners. The animal feed production plant is very
efficient and almost negligible in the production chain. Both
farmers take initiatives to lower emissions, to increase the
food conversion ratio, to increase the number of pigs per
sow and to produce electricity from renewable resources.
The slaughterhouse and meat processing facility are very ef-
ficient with state-of-the-art equipment and waste treatment
facilities. The already existing knowledge of the chain and
motivation throughout the chain have thus already paid off,
resulting in a lower footprint compared to market averages.
On the other hand, currently there is a limitation in available
tools to use the available LCA results towards further optimi-
zation. Therefore we suggest to perform research beyond
harmonisation and methodological aspects and also perform
multi-disciplinary research that allows push or pull measures
from market and industry, in which the PEF/OEF system can
be the central harmonised methodology towards improvement
of environmental performance.
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